n the past decade, the median duration of survival among patients with advanced colorectal cancer has increased from 12 months to about 18 to 21 months, mainly owing to the introduction of irinotecan and oxaliplatin. Irinotecan (a semisynthetic camptothecin, which inhibits topoisomerase I) and oxaliplatin (a thirdgeneration platinum compound) are widely used in combination with fluorouracil and leucovorin as first-line treatment for advanced colorectal cancer. [1] [2] [3] [4] [5] Irinotecan alone can also confer benefit in patients with colorectal cancer that is refractory to treatment with fluorouracil, 6, 7 and oxaliplatin can be effective in patients with disease that is refractory to irinotecan treatment. 8 Epidermal growth factor receptor (EGFR), a member of the ErbB family of receptors, is relevant in colorectal cancer because expression or up-regulation of the EGFR gene occurs in 60 to 80 percent of cases. [9] [10] [11] Moreover, expression of the gene is associated with poor survival. 12, 13 When inactive, EGFR is a monomer, but when bound by epidermal growth factor or transforming growth factor a (TGF-a ), it forms homodimers or heterodimers with another member of the ErbB family of receptors. Dimerization activates the intracellular tyrosine kinase region of EGFR, resulting in autophosphorylation and initiating a cascade of intracellular events. 14 The EGFR signaling pathway regulates cell differentiation, proliferation, migration, angiogenesis, and apoptosis, all of which become deregulated in cancer cells. 15 Cetuximab (Erbitux, Merck and Imclone Systems) is a chimeric IgG1 monoclonal antibody that binds to EGFR with high specificity and with a higher affinity than either epidermal growth factor or TGF-a , thus blocking ligand-induced phosphorylation of EGFR. In addition, cetuximab enhances the effects of irinotecan 16 and radiotherapy in experimental systems.
A phase 2 study of weekly cetuximab and irinotecan in 121 patients who had colorectal cancer that was refractory to fluorouracil and irinotecan found a 17 percent response rate. 17 In a study of 57 patients with EGFR-positive colorectal cancer that was refractory to both fluorouracil and irinotecan, 8.8 percent of the patients had a partial response to cetuximab monotherapy, and 36.8 percent had stable disease. 18 In the present trial, we compared the combination of cetuximab and irinotecan with cetuximab monotherapy in patients with EGFR-expressing irinotecan-refractory colorectal cancer.
patients
We considered patients eligible if they were more than 18 years of age and had stage IV, histologically confirmed colorectal adenocarcinoma. Other criteria for eligibility were a Karnofsky performancestatus score of 60 or more, adequate hematologic function (hemoglobin, at least 9 g per deciliter [5.6 mmol per liter]; neutrophil count, at least 1500 per cubic millimeter; and platelet count, at least 100,000 per cubic millimeter), renal function (serum creatinine, less than 1.5 times the upper limit of normal), and liver function (bilirubin, not more than 1.5 times the upper limit of normal; aspartate aminotransferase and alanine aminotransferase, not more than 5 times the upper limit of normal).
To be eligible, patients must also have received one of several qualifying, prestudy irinotecan regimens for at least six weeks and must have had documented progression of disease during receipt of this regimen or within three months thereafter. These regimens were irinotecan at a dose of 125 mg per square meter of body-surface area given weekly for four consecutive weeks, followed by two weeks' rest, as a single agent or in combination with fluorouracil and leucovorin; irinotecan at a dose of 180 mg per square meter given every two weeks in combination with fluorouracil and leucovorin; and irinotecan at a dose of 350 mg per square meter given every three weeks as a single agent. Disease progression was documented by computed tomography (CT) or magnetic resonance imaging (MRI); new lung lesions could be documented by chest radiography. At least one unidimensionally measurable lesion was required, as was immunohistochemical evidence of EGFR expression, either in the primary tumor or in at least one metastatic lesion.
All the patients signed a consent form. The study was approved by the institutional ethics committees of all the participating centers.
study design and treatment
This open-label, randomized trial was conducted in 56 centers in 11 European countries (the participating investigators are listed in the Appendix). Before randomization, the EGFR status of the tumor was determined at a central location in Germany by immunohistochemical analysis of a paraffinembedded tumor specimen with the use of an EGFR diagnostic kit (Dako Cytomation). Random assignment of the eligible patients to either cetuximab in i methods combination with irinotecan or cetuximab alone in a ratio of 2:1 was carried out centrally by an independent randomization service. Randomization was performed by a minimization technique, with stratification according to Karnofsky performance status, previous treatment with or without prior use of oxaliplatin, and treatment center.
Cetuximab was given at an initial dose of 400 mg per square meter, followed by weekly infusions of 250 mg per square meter. A histamine-receptor antagonist was given as premedication before at least the first infusion. Patients assigned to the combination-therapy group also received irinotecan at the same dose as that given during their most recent prestudy therapy. All the patients were to be treated until disease progression or unacceptable toxic effects occurred. In the case of disease progression, patients assigned to the monotherapy group could continue to receive cetuximab, and irinotecan could be added at the same dose as that given during their most recent prestudy therapy.
Tumor response was evaluated every 6 weeks for the first 24 weeks and thereafter every 3 months with the use of consistent imaging techniques (CT or MRI). Assessment was performed by the investigators, who used the Response Evaluation Criteria in Solid Tumors (RECIST) 19 and by an independent review committee consisting of three radiologists and one oncologist who used modified World Health Organization (WHO) criteria. 20 In brief, on the basis of the WHO criteria, a complete response was defined as the complete disappearance of all measurable lesions, without the appearance of any new lesions. A partial response was defined as a reduction in bidimensionally measurable lesions by at least 50 percent of the sum of the products of their largest perpendicular diameters and an absence of progression in other lesions, without the appearance of any new lesions. Stable disease was defined as a reduction in tumor volume of less than 50 percent or an increase in the volume of one or more measurable lesions of less than 25 percent, without the appearance of any new lesions. Progressive disease was defined as an increase in the size of at least one bidimensionally measurable lesion by at least 25 percent and the appearance of new lesions. The change from use of the RECIST criteria to the WHO criteria followed a Food and Drug Administration advisory that indicated that use of the WHO criteria would facilitate an independent review of three major studies to be submitted for approval of cetuximab in the United States and Europe.
The independent review committee, which was blinded to the treatment assignment, assessed disease progression during the irinotecan regimen given before enrollment in the study and the response and time to progression during the study. To do so, the committee used the WHO criteria and compared CT scans or MRI images obtained before enrollment and during the study. Toxic effects were assessed according to the National Cancer Institute Common Toxicity Criteria, version 2. Modifications of the dose of cetuximab were made only in cases of toxic effects to the skin, and modifications in the dose of irinotecan were made in cases of hematologic or nonhematologic toxic effects.
The investigators and representatives from Merck designed the study. The data were collected and analyzed by medical and statistical representatives from Merck, who worked in conjunction with the investigators. All the investigators had access to the primary data and participated in writing the manuscript. All the participating institutions received grant support from Merck for conducting the study.
statistical analysis
The primary end point was the rate of confirmed radiologic tumor response, as assessed by the independent review committee, in the intention-totreat population. Differences in response rates between the two groups were evaluated by means of a two-sided Fisher's exact test. A P value of less than 0.05 was considered to indicate statistical significance. Secondary end points included the time to progression, the duration of response, overall survival time, and the incidence of adverse effects. The time to progression was calculated as the period from the date of randomization to the first observation of disease progression or to death from any cause within 60 days after randomization or the most recent tumor assessment. The overall survival time was calculated as the period from the date of randomization until death from any cause or until the date of the last follow-up, at which point data were censored. Both the time to progression and overall survival time were estimated by the KaplanMeier method 21 and compared between the two groups with use of the log-rank test. 22 Stratified permutation tests were carried out to explore the association between tumor response and rash and between tumor response and EGFR expression.
The planned sample size for the study was based on power calculations related to the estimation of the confidence interval expected for the combination-therapy group. Anticipating a response rate of 19 percent in this group, we determined that 150 patients would be sufficient to exceed a clinically relevant nominal response rate of 10 percent, with 85 percent power. A response rate of 5 percent in the cetuximab-monotherapy group was expected. Given this expectation, a 2:1 randomization ratio was considered appropriate and ethically justified. Therefore the study was originally set up to assign 225 patients randomly to one of the two treatment groups. This sample size would also allow detection of a statistically significant difference in terms of response rates between the two groups, with a power of about 80 percent at a significance level of 0.05 by means of a two-sided Fisher's exact test. However, after the study had commenced and the majority of patients had been enrolled, the Swedish Medical Products Agency advised that patients whose disease had progressed at the end of irinotecan treatment or progressed within one month thereafter would be considered to have disease that was strictly refractory to irinotecan. Therefore, the sample size was increased to a total of 300 patients to ensure that the study objectives could be met for this subgroup of patients.
Predefined subgroup analyses included analyses of the patients whose disease progressed during or within one month after the end of the prestudy irinotecan treatment (as described above) and of patients who had received previous oxaliplatin treatment. The cutoff point for survival data was January 2003; for safety data, it was November 2002. All analyses were performed using SAS software (version 8.2).
Between Figure 1 shows the design of the trial. Major protocol deviations were reported in three patients. One patient in each group had a tumor with no evidence of EGFR expression, and one patient in the monotherapy group had no evidence of metastatic colorectal cancer at the time of enrollment. There were no major imbalances between the two groups in terms of baseline characteristics (Table 1) . Nearly 80 percent of the patients who underwent randomization had received two or more previous regimens of treatment for cancer. All the patients had received irinotecan, and 206 (62.6 percent) had received oxaliplatin.
The overall response rate (the rate of complete response plus the rate of partial response) in the intention-to-treat population was 22.9 percent (95 percent confidence interval, 17.5 to 29.1 percent) in the combination-therapy group and 10.8 percent (95 percent confidence interval, 5.7 to 18.1 percent) in the monotherapy group (P=0.007) ( Table 2 ). The median duration of response was 5.7 months in the combination-therapy group and 4.2 months in the monotherapy group. Disease control (complete response plus partial response plus stable disease) was achieved in 55.5 percent of patients receiving combination treatment and in 32.4 percent of patients treated with cetuximab alone (P<0.001). When the more stringent definition for irinotecan resistance (progression during or within one month after irinotecan therapy) was applied, the response rates were 25.2 percent (95 percent confidence interval, 18.1 to 33.4 percent) and 14.1 percent (95 percent confidence interval, 7.0 to 24.4 percent) in the combination-therapy and monotherapy groups, respectively (P=0.07), although the number of patients in this comparison (206) was small.
Of special interest is the finding that cetuximabbased therapy was similarly effective in patients who had previously received oxaliplatin in addition to irinotecan before entering the study. In these multiply pretreated patients, the response rate was 22.2 percent in the combination-therapy group and 8.5 percent in the monotherapy group (P=0.01). Statistical regression modeling revealed that the differences in response rates between the two treatment groups were maintained after adjustment for age, sex, performance status, and number of prior treatment regimens (data not shown).
The degree of EGFR expression, either as the percentage of EGFR-positive tumor cells or as the maximal staining intensity per cell, did not correlate significantly with the clinical response rate (P=0.87 and P=0.64, respectively) (Table 3) . However, the response rates in patients with skin reactions after cetuximab treatment were higher than those in patients without skin reactions (25.8 percent vs. In the intention-to-treat analysis, the median time to progression of disease was 4.1 months in the combination-therapy group and 1.5 months in the monotherapy group. The hazard ratio for disease progression in the combination-therapy group was 0.54 (95 percent confidence interval, 0.42 to 0.71), indicating a 46 percent reduction in the risk of progression with combination therapy as compared with monotherapy (P<0.001 by the log-rank test) (Fig. 2) . In the combination-therapy group, the percentages of patients remaining free of progression at three and six months were 54 percent (95 percent confidence interval, 47 to 61 percent) and 30 percent (95 percent confidence interval, 23 to 37 percent), respectively. In the monotherapy group, the percentages of patients remaining free of progression at three and six months were 28 percent (95 percent confidence interval, 19 to 37 percent) and 8 percent (95 percent confidence interval, 1 to 14 percent), respectively. The times to progression were similar among patients whose disease progressed during or within one month after prestudy irinotecan therapy and among those who had previously received oxaliplatin.
By January 2003, 215 of the 329 patients in the intention-to-treat analysis (65.3 percent) had died (140 in the combination-therapy group and 75 in the monotherapy group). The median overall survival time was 8.6 months in the combination-therapy group and 6.9 months in the monotherapy group. The hazard ratio for death with combination therapy, as compared with monotherapy, was 0.91 (95 percent confidence interval, 0.68 to 1.21), and there was no statistically significant difference between the two groups (P=0.48 by the logrank test) (Fig. 3) . In the combination-therapy group, the overall survival rates at 6 and 12 months were 66 percent (95 percent confidence interval, 60 to 72 percent) and 29 percent (95 percent confidence interval, 22 to 37 percent), respectively. In the monotherapy group, the overall survival rates at 6 and 12 months were 58 percent (95 percent confidence interval, 49 to 67 percent) and 32 percent (95 percent confidence interval, 23 to 41 percent), respectively. The median survival times among patients with skin reactions and those without skin reactions were 9.1 and 3.0 months, respectively, in the combination-therapy group and 8.1 and 2.5 months, respectively, in the monotherapy group.
Fifty-six patients in the monotherapy group received additional irinotecan after disease progression was recognized. Two of these 56 patients (3.6 percent) had a partial response, and an additional 20 (35.7 percent) had stable disease after crossing over. The median time to progression among the patients who crossed over to receive additional irinotecan was 1.4 months. These results may in part explain the absence of a significant difference in overall survival between the two groups.
All the patients received at least one infusion of cetuximab. The median number of cetuximab infusions was 18 in the combination-therapy group and 7 in the monotherapy group. Table 4 summarizes the most frequently observed grade 3 or 4 adverse events related to treatment. Four patients who were randomly assigned to the combination-therapy group did not receive irinotecan and therefore were evaluated for safety as part of the monotherapy group, and two patients who were randomly assigned to the combination-therapy group did * EGFR denotes epidermal growth factor receptor. not receive any study medication. In 4 of the 329 enrolled patients (1.2 percent), severe anaphylactic reactions to cetuximab developed, and the treatment was discontinued. There were no treatmentrelated deaths. Acne-like rash occurred in about 80 percent of the patients in each group, but grade 3 or 4 toxic effects on the skin were observed in only 9.4 percent and 5.2 percent of the combinationtherapy and monotherapy groups, respectively. In 225 of the 253 patients in whom any form of acnelike rash developed (88.9 percent), the rash appeared within the first three weeks after the start of cetuximab treatment. Diarrhea and neutropenia were more frequent among the patients receiving irinotecan in combination with cetuximab than they were among those receiving cetuximab monotherapy, but the frequency of each was in the range that would be expected for irinotecan alone.
In this randomized trial, cetuximab alone or in combination with irinotecan had clinical activity in irinotecan-refractory colorectal cancer, confirming the results of phase 2 studies. 17, 18 The combinationtherapy group had a significantly higher response rate and a significantly longer time to progression than the monotherapy group, suggesting that the combination of irinotecan and cetuximab should be preferred for patients with irinotecan-refractory cancer. Moreover, the number of previous treatment regimens and previous use or nonuse of oxaliplatin did not affect the efficacy of the cetuximab-andirinotecan combination. Cetuximab monotherapy also had activity and only mild toxic effects and thus may be an option for patients who are not considered candidates for further treatment with irinotecan-based chemotherapy or who choose not to receive such treatment.
The effectiveness of the combination of irinotecan and cetuximab in patients with irinotecanrefractory tumors suggests that cetuximab may circumvent irinotecan resistance. Cells acquire irinotecan resistance by several mechanisms. 23 EGFR inhibition by cetuximab may overcome this resistance by abrogating drug efflux, [23] [24] [25] [26] [27] [28] restoring apoptosis, 29 or impairing DNA-repair activity. 30, 31 An acne-like or maculopapular rash, a characteristic side effect of EGFR blockade, is due to the role of EGFR in maintaining the integrity of the skin. Response and survival have been shown to be correlated with the severity of the rash in phase 2 studies, 32 and the correlation is confirmed by our study, although it is based on subgroup analyses. Since no dose-limiting toxicity was observed in phase 1 studies of cetuximab given according to the currently recommended dosage regimen, 33 individualized dose titration based on the occurrence and severity of rash may improve the effectiveness of cetuximab treatment. The rates of incidence of other hematologic and nonhematologic toxic effects in the combination-therapy group were similar to those reported in randomized studies of irinotecan as second-line therapy. 6, 7 In contrast to the blockade of HER2 by trastuzumab in breast cancer, 34 there was no apparent relationship between the efficacy of cetuximab and the level of EGFR in the tumor. A similar observation has been made with gefitinib, another EGFR tyrosine kinase inhibitor. 35 Only patients with im- The hazard ratio for disease progression in the combination-therapy group as compared with the monotherapy group was 0.54 (95 percent confidence interval, 0.42 to 0.71) (P<0.001 by the log-rank test). The points on the curves represent the dates on which a patient's data were censored. The hazard ratio for death in the combination-therapy group as compared with the monotherapy group was 0.91 (95 percent confidence interval, 0.68 to 1.21) (P=0.48 by the log-rank test). The points on the curves represent the dates on which a patient's data were censored. munohistochemical evidence of EGFR expression were included in our study, and therefore whether patients without EGFR expression would benefit from cetuximab is unknown. EGFR expression has not been shown to be a predictor of responsiveness to gefitinib in non-small-cell lung cancer. 36,37 It is possible that the level of activated, phosphorylated EGFR is more important than the total EGFR level 35 or, in lung cancer, the presence of mutations in the ATP-binding site of EGFR, 38 in the prediction of efficacy.
Patients with advanced colorectal cancer who receive fluoropyrimidine, irinotecan, and oxaliplatin in combination or sequentially may survive 18 to 21 months. However, once these three standard drugs have failed, there are no accepted treatment options. Therefore, the observed tumor-response rate of 22.9 percent among patients with irinotecanrefractory colorectal cancer is clinically important. Cetuximab compares favorably with oxaliplatinbased therapy in patients with irinotecan-refractory disease. The 22.9 percent rate of response to cetuximab in combination with irinotecan was higher than the response rate reported for oxaliplatin in combination with infused fluorouracil and leucovorin (9.6 percent), 8 but the median time to progression and the survival time were similar with the two regimens. Furthermore, previous oxaliplatin treatment did not negate any benefit of cetuximab. The one-year survival rates in this group of heavily pretreated patients -29 percent in the combination-therapy group and 32 percent in the monotherapy group -are encouraging. Moreover, about 48 percent of the patients obtained clinically meaningful disease control.
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We are indebted to all the patients who took part in the study and to their families. did not receive irinotecan and were thus evaluated for safety in the monotherapy group. Two patients who were randomly assigned to the combinationtherapy group did not receive any study medication. 
